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Introduction
It is currently widely acknowledged, not only by scientists but also by policy actors, that climate change is a man-made phenomenon. It primarily occurs as a consequence of increasing economic activity, and the associated increasing concentration of emissions. It is also acknowledged that pollution is a negative externality and that market mechanisms do not seem to offer a solution, so governments are therefore expected to set environmental regulations (ERs) as an instrument to control emissions of greenhouse gases (GHG).
Several emission reduction policies have been proposed and applied by developed countries to control pollution. Some of them focus on levying taxes and penalties, on the internalisation of costs through market-based mechanisms, such as the emissions trading system (EU ETS), or on offering tax advantages for the production of less polluting goods, as in the case of the automotive industry. As a consequence of these policies, companies face an increase in costs related to pollution-reduction expenditure. There have been different interpretations about how companies react to changes in their cost structure. Some economic theories predict that production activities could be relocated to countries with lax environmental regulations (pollution havens), whereas others claim that the comparative advantage of a firm is not primarily determined by differences in cost stemming from differences in ERs between countries, but rather by other factors such as quality or unit labour cost differences.
According to the pollution haven hypothesis (PHH), ERs involve higher costs and, as a consequence, harm firms' income accounts and profitability. ERs reduce the competitiveness of the companies located in the countries that adopt more stringent regulations.
Porter (1991) and Porter and van der Linde (1995) introduced a completely different approach to the PHH when considering the effects of the ERs on company investment decisions. They claimed that more restrictive environmental policies, when properly designed by governments, could improve firm competitiveness and encourage their innovation efforts.
Porter (1991) argued that ERs can be used to fix a market failure (externality), but they also stimulate efficiency and research expenditures and positively influence production costs through promoting technological change. Jaffe et al. (1995) 
named this effect the Porter hypothesis (PH).
Some critics of the PH emerged in the mid-1990s. For instance, Palmer (1995) criticized the PH claiming that it did not have any theoretical background or empirical evidence to support it. Whalley and Whitehead (1994) argued that there was no evidence of secondary mechanisms to compensate for a part of the direct costs of companies caused by the ERs.
Finally, Heyes (1999) argued that the benefits of companies could be higher than the costs when ERs are implemented and enforced, but this implies that the net costs of the regulatory action should be zero or even negative.
In order to address the concerns of the aforementioned critics, Jaffe et al. (1995) and Jaffe and Palmer (1997) shaped the initial approach of Porter (1991) and the theoretical concepts related to the hypothesis by introducing three versions of the PH, which are identified as the strong, the narrow and the weak. We will explain each of them in turn.
The strong PH is the dynamic version of the hypothesis. This version implies that ERs have a positive medium-term effect on both the sector affected by the regulations and on the overall economy because the companies are restructured to improve efficiency and productivity, achieving in turn a reduction in costs. Ambec and Barla (2002) developed a theoretical model to substantiate the hypothesis and concluded that ERs may increase the expenditure in R&D and the expected benefits of the companies simultaneously. Moho (2002) pointed out that the confirmation of the PH depends on the type of policy adopted.
The narrow PH is based on the idea that companies do not necessarily intend to take advantage of all the possibilities of new processes or products under normal market conditions. Changes due to certain types of ERs encourage companies to find new products or processes that allow them to comply with the regulations and improve their results. The ERs stimulate innovation and the benefits derived are higher than the costs. Finally, the weak version of the PH states that ERs encourage companies to maximize results subject to the new conditions, so that new opportunities arise. The ERs stimulate certain types of innovations but the opportunity cost of these innovations is greater than the net profit achieved.
This paper examines the weak and strong versions of the PH using newly-released environmental policy stringency index (EPS) data for a sample of 14 OECD countries over the period 1990-2011. We use sectoral data and base the empirical strategy on the Jaffe and Palmer (1997) modelling framework, recently applied by Rubaskina et al. (2015) to EU (European Union) countries. Rubaskina et al. (2015) however had to exclude large economies of the EU, namely Germany, France and Italy due to lack of data on pollution abatement and control expenditures (PACE), and additionally, they were unable to consider a number of recent environmental policies that came into force after 2006. The main advantage of using the EPS index data is that we are able to include these large economies and our data goes up to 2011.
The main results of the paper indicate that higher EPS-index values have a positive correlation with R&D expenditures, the number of patent applications and total factor productivity (TFP). The quantile regression results confirm that environmental stringency has a positive effect on R&D, but only for the lower quantiles (0.10, 0.25) when using 1-year lag for the EPS variable, and for all quantiles when 5-year lags are used, with a decreasing effect for higher quantiles. As regards the number of number of patent applications and total factor productivity, the effect of the EPS (1 and 5-year lags) increases for the highest quantiles (0.75, 0.90) of the distribution of the targeted indicators, namely patent applications and TFP.
The rest of the paper is organized as follows. Section 2 presents a review of the related literature. Section 3 outlines the empirical model and describes the data and variables used.
Section 4 summarizes and discusses the main findings, and section 5 concludes.
Literature review
In this section we review a number of papers that are closely related to our work and that test the different versions of the PH. We mainly focus on revising recent studies covering different countries that test any of the three versions of the PH.
Starting with studies that test for the weak and narrow versions of the PH, Jaffe and Palmer (1997) propose an econometric model and apply it to data from the manufacturing industry in the US over the period 1976-1991, using R&D expenditure and patents as dependent variables. They conclude that the abatement costs that companies have to pay to comply with the ERs, measured with PACE, have a positive effect on R&D (weak PH), but they find little evidence to indicate that innovation, measured by the number of successfully-applied patents, is related to the compliance costs (narrow PH).
Lanjouw and Mody (1996) examine the relationship between ERs and R&D and also find support for the weak PH. They conclude that expenses in Germany, Japan and the USA, in order to comply with the new regulations, stimulate an increase in environmental-technology patent requests with a one-or two-year delay. An econometric model is estimated using as dependent variable the number of patent applications as a proxy for companies' innovation activities and the PACE as a proxy for the stringency in ERs.
Using a similar approach to test for the weak version of the PH, Brunnermeier and Cohen (2003) companies' results in some cases. In particular, they found no effect on productivity in the US linked to ER, whereas an improvement in productivity was found in Mexico.
Murty ( The results confirm the narrow version of the PH and, in addition, indicate that the sooner a country introduces ER, the greater the increase in exports increases. A summary of the main results obtained in the empirical studies testing the different versions of the PH is presented in Table 1 , indicating the target variables, the sample of countries and years and whether the PH is confirmed or rejected. 
Empirical strategy

Model specification
We base our empirical application on the model first used by Jaffe and Palmer (1997) and extended by other authors. The model is specified as:
where C is the competitiveness or innovation indicator, ER is the restriction level of regulations and Z are control variables for measuring the heterogeneity of each countrysector. as a proxy of źR. α ij and μ t denote country-sector and year fixed effects, respectively. We use the EPS lagged one and five years to control for the effect of short-and long-term regulations on innovation projects. We will refer to the model as expressed in equation (2) as model 1a.
We formulate a second equation to estimate the effect of the ER on the number of patents,
In addition to the explanatory variables included in the first model, model (3) also includes patent applications (PT) by companies in year t, as well as patents successfully applied for in the country for foreign companies (FPT). This model includes country and time fixed effects and one-and five-year lags of the EPS indicator. We refer to equation 3 as model 1b.
In the third specification, proposed productivity is used as the dependent variable to test for the strong hypothesis of Porter (model 1c):
where TFP denotes total productivity measured as multi-factor productivity in sector i and year t. EPS environmental policy stringency index in country i and time t
The model also includes country-sector and time fixed effects. We will refer to equation 4 as model 1c.
These models, originally used to test the PH using manufacturing industry data in the US have been extended to a more general version in which the independent variable of interest, TI, is the improvement in the global or environmental economy, which is a function of the level of national environmental regulations EPS, and other independent variables that reflect the differences between sectors or countries (Rubashkina et al., 2015) . The extended specification is given by:
where TI ijt is the economic effect of regulations: research (R&D), innovation (patents) or productivity in country i, sector j and year t.
EPS ijt is the environmental stringency indicator EPS.
Z ijt is a vector that includes variables with country or sectoral variation or both to reflect the heterogeneity The variables used to estimate sectoral differences are:
In all models: value added, import penetration rate, export intensity and the variation rate in the number of workers by sector and country as a proxy of the cyclical change. Other authors used enterprise birth and death rates in each sector, but these last two variables are not available for all countries in our sample.
In R&D estimation (model 2a): government expenditure in R&D and R&D investment stock.
In patent estimation (model 2b): government expenditure in R&D and patents stock.
In productivity estimation (model 2c): common variables.
(4)
The model in Rubashkina et al. (2015) applies different lags to PACE: one year for R&D model and two years for patent model. They use instrumental variables to avoid endogeneity issues of PACE within the model. The EPS indicator does not present any endogeneity issues because, as we will explain in the next section, it is a complex index made in such a way that it is exogenous to company behaviour. We will use lags 1 and 5 to compare our results with model 1.
Finally, we estimate the extended model using quantile regression techniques to observe the different behaviour between the most innovative countries (USA, Japan and Germany) and the rest.
The quantile estimation model was introduced by Koenker and Basset (1978) and uses linear programming methods to estimate the coefficients of the independent variables conditioned on the value of the dependent variable by quantiles. The general form is given by,:
where β q refers to quantile, so we will have several coefficients per variable to be estimated as fixed percentiles, because the coefficient calculation is determined by the values within each quantile. We should bear in mind when interpreting the model that coefficients are significantly different from zero and significantly different from the coefficients estimated by ordinary least squares. This model avoids heterogeneity problems in the data distribution and is more robust than OLS in the presence of heteroscedasticity, outliers and structural change.
It allows us to draw conclusions about the influence of the independent variables in relation to the distribution of the dependent variable.
As we have shown before, R&D expenditures and patent applications are not distributed symmetrically because three countries, USA, Japan and Germany, represent 75% of the total volume of those activities. This heterogeneity in the distribution of the dependent variables, estimated with fixed effects by country-sector, can cause distortions in the models for quantiles. Canay (2011) proposed a two-step method to take the rich analysis offered in fixed (6) effects panel data and the information about the heterogeneous effects in the variation of the dependent variable in the quantile estimation.
The method, already applied in some empirical work, such as Martínez-Zarzoso et al (2014), consists of two steps. First, fixed effects estimation is applied and the country-sector fixed effects are saved. In the second step, the country-sector fixed effects are used to transform the dependent variables. Then, we apply the quantile regression of the transformed dependent variables model. The transformation can be expressed as:
Data and variables
We use an unbalanced-panel dataset for 14 OECD countries, namely, Australia, Belgium, TFP -the multi-factor productivity (total factor productivity, TFP) by sector, country and year.
The independent variables are:
EPS -the proxy for environmental regulations, the environmental policy stringency index built by the OECD.
VA -the gross value added (in millions of monetary units) by country, sector and year in current prices and in national currencies. These have been converted into PPP constant USD using a correction factor from the World Bank Development Indicators database.
M_PE -the import penetration level by country and year, measured as the ratio of imports over the sum of domestic production (GDP) and imports.
X_IN -the export intensity by country and year, measured as the ratio of exports over domestic production (GDP).
K_RD and K_PT are, respectively, the R&D stock and the patent stock by country, sector and year, constructed using the perpetual inventory method and taking 10 years as useful life.
GRD -government expenditure in R&D by country.
F_PT -the number of patent applications from non-resident companies in national offices, by country and year 1 .
LAB -the variation rate of the number of workers by sector, country and year, measured as the natural logarithm of the number of workers of a given year minus the natural logarithm of the number of workers in the previous year.
Most data were extracted from the OECD Statistical Office, except data on imports, exports and GDP that were extracted from the World Development Indicators of the World Bank and the total Productivity factor from EU KLEMS database.
The sectors considered in this study are: farming, mining, manufacturing, electricity, construction and services. The model for patents is only disaggregated by country.
We offer a detailed explanation of the most important variables used for testing the PH in the next subsections.
Research and Development
Research and development expenditure (R&D) is a good indicator of the innovation efforts of each country. It covers three activities, namely, basic research, applied research and experimental development; all necessary to increase the stock of knowledge and its use to develop new applications. Among the indicators released by the OECD in this subject, the aggregate gross domestic expenditure in R&D (GERD) is frequently used because it takes into account the resident company, government, university and research institute expenditure. We use GERD data in purchasing power parity (PPP) constant dollars of 2010 to estimate model (1) in its different versions. Figure 1 shows that the country with the highest R&D expenditure rate is the US (47% of total), followed by Japan (18%), Germany (10%), Korea (7.3%) and France (5.5%). Other countries of the sample invest less than 5% of total R&D expenditure. It should be noted that three countries, the US, Japan and Germany, together account for over 75% of all R&D expenditure. According to Haščič (2014) , the number of patents as an indicator of technological innovation presents several problems. Firstly, the patent system protects the legal right to exploit an innovation in the territory of the office where the request has been made. Patent applications should be requested in different patent offices of the world or use an international procedure in order to protect an invention worldwide. This fact leads to a number of problems. In particular, protection regulations are locally-focused and therefore heterogeneous; the same innovation can be registered multiple times, in as many geographic areas as one requires, increasing the potential of being counted twice; improvements to protection are implemented at different levels: locally, nationally, regionally and globally; companies can register defensive patents to prevent other companies from registering their product. Secondly, some innovations are not patented because they have another type of protection or the company preferred to keep it a secret. Thirdly, the value of patents is a heterogeneous and biased indicator for innovation because there are many patents applications that have low economic value and very few that have a high value. Finally, patent request tendencies are very different from one country or sector to the next.
In order to avoid some of the abovementioned problems, the concept of patent families has been developed. A family is a set of applications or patent approvals that are listed in different offices and are interconnected because they share one or more common fields.
Martínez (2010) outlines the advantages of using patent families. Namely, it avoids double counting the same innovation; it does not include local requests, usually with lower economic value; it includes patents with international impact, with greater economic value and with higher utility as a best indicator of economic trends in innovation; it eliminates the time bias caused by the fact that to extend the applications worldwide, a company usually has to wait one year from the first request made to the local office.
The PATSTAT database, built by the OECD, provides data on triadic families. This patent family count patents with common characteristics from the three most important offices in the world: the EPO, USPTO and JPO
3
. The triadic patent family represents almost 21% of total patent requests. The advantages of the triadic patent family are that it is a good indicator of patents with economic value because the companies are obliged to make an economic and management effort to achieve them; it is a good indicator of the innovation of the companies and it safely removes any double accounting issues (Martínez, 2010) . The main disadvantage is its restrictive conditions that do not allow a detailed analysis by technologies because the frequency of zeros in the data set is very high (Haščič 2014).
In this paper we use data of the triadic patent family by countries to estimate the relationship between ER and innovation. This family is, therefore, a good indicator of the company's results of different countries in relation to the R&D effort and, is a good proxy of innovation in new products and processes because it has a high economic value.
It would be reasonable to expect the number of patents registered in registry offices to correlate to the effort made in R&D. This is generally the case, but as Figure 2 indicates, some differences do occur. The US, with an effort of 47% out of the total R&D expenditure, reaches just 19.1% of total patents; elsewhere, Japan with an effort of 18%, accounts for 36.2%; and Germany with an effort of 10%, accounts for 7.8%. The differences can be explained by the national laws on intellectual property rights and the accountancy criteria used. A possible bias in this variable should be borne in mind. EPS variations by country, presented in Table 2 , show wide differences across countries.
Whereas the EPS in Great Britain is 6.5 times the initial level at the end of the period, in Hungary and Australia, the EPS quadrupled and tripled, respectively; and in the US, Japan and Italy, it only rose by about 15%. 
Main results
The main results for the baseline model when R&D is used as dependent variable are presented in Table 3 (model 1a). The coefficient of EPS (five-year lagged) is positive and statistically significant at the 10% level, whereas it is not significant when the first lag is used.
This means that environmental policies do not affect the R&D expenditure decisions of the companies in the following year, but do however encourage an increase in expenditure after a period of five years. This supports the weak version of the PH.
The variable that represents the economic size of the country and the sector (VA) is significant and positive, showing that more R&D is dedicated to sectors with a greater weight in the economy. The coefficient for government R&D expenditure is significant and negative, which can be interpreted as a crowding-out effect of business investment. The environmental policy stringency index, EPS, is significant and positive for both one-year and five-year lagged values in model 1b. This result also confirms the weak version of the PH in the sense that regulations cause a reaction in the companies to offset the loss of competitiveness caused by an increase in costs to reduce pollution. The fact that the coefficient of foreign participation in innovation (FPT) is significant and positive highlights the multinational character of innovation.
Finally, the results of model 1c that estimates the strong version of the PH show lag sensitivity. The one-year lagged EPS is significant; whereas the five-year lagged EPS is not.
This result implies a positive influence of the ER on the results of companies, but only in the short term. These results are in accordance with Rubashkina et al. (2015) . However, the findings differ from those in Jaffe and Palmer (1997) concerning the EPS indicator, when R&D and patents are used as dependent variables. The authors found no-significant effects of environmental regulations on R&D and Patents.
We also use a one-and five-year lag on the EPS in the extended model to obtain the longterm effect on firms' innovation operations. The one-year lag is also used for other explanatory variables. The main results, shown in Table 4 indicate that in model 2a, the EPS variable is not statistically significant, which means that we cannot accept the Porter hypothesis for R&D expenditures in the extended model. (M_PE) has also a negative sign, which confirms Schumpeter's point of view, namely that the greater the foreign competition, the lower the innovation levels.
EPS is significant and presents a positive sign in model 2b both, with the one-and with the five-year lag meaning that ER influences the productivity of the research and development in the short term and in the long term. The magnitude of this influence is 10% and 4.3% increase in patents per EPS point increase, respectively.
The stock of patents (KPT) is also statistically significant and has a positive influence on the number of patent applications. The higher the protection levels of innovation, the greater propensity to continue patenting is. It is important to highlight that three countries of the sample represent 80 percent of the total patent applications. Import penetration (M_PE) also presents a positive sign, indicating that greater external competition in the internal market stimulates new patents.
The results obtained in models 2a and 2b related to the effect of the ER and the capital stock are similar to earlier studies (Rubashkina et al., 2015; Johnstone et al., 2010; de Vries and Withagen, 2005) , but differ with respect to the influence of import penetration and exporting intensity. The set of selected countries in those papers, more homogeneous in the case of the EU countries with the exclusion of Germany, could explain this difference in outcomes.
Finally, in model 2c, similar to model 1c, EPS is significant and positive in the short term but, not significant in the long term. These results imply a weak confirmation of the strong PH, which conflicts with the results of Rubashkina et al. (2015) , who found a non-significant relationship, and of Lanoie et al. (2008) , who reported opposite results. The reduced size of the sample in those papers due to lack of data availability could be the cause of this discrepancy. To verify the results and to account for differences in countries with different levels of R&D expenditure or patent registration, we estimate a quantile regression model.
We estimate model 2 with one-and five-year lags and fixed effects, for quantiles 10, 25, 75, and 90. In addition to the R&D and patents models, with a wide variation of the respective dependent variable, we estimate the model with productivity for comparative purposes. Tables 5, 6 and 7 show the results for the panel-quantile estimations. Notes: *, **, *** denote significance level at the 10%, 5% and 1%, respectively. All models are estimated with panel-quantile regression, which include time fixed effects. # indicates that the difference in coefficients is statistically significant at the 5% level. Notes: *, **, *** denote significance level at the 10%, 5% and 1%, respectively. All models are estimated with panel-quantile regression, which include time fixed effects. # indicates that the difference in coefficients is statistically significant at the 5% level. Notes: *, **, *** denote significance level at the 10%, 5% and 1%, respectively. All models are estimated with panel-quantile regression, which include time fixed effects. # indicates that the difference in coefficients is statistically significant at the 5% level.
We can highlight in the RD model (Table 5 ) that the EPS lagged 1 time shows a positive and significant coefficient for the 0.1 and 0.25 quantiles, implying that countries with relatively lower R&D increase expenditure when environmental policy stringency is higher. On the other hand, R&D expenditure in countries that invest relatively more is not influenced by increases in environmental policy stringency. When using EPS lagged 5 times (second part of Table 5 ), the EPS coefficient is positive and significant in all quantiles, meaning that environmental regulations encourage R&D expenditure, the effect being higher for countries that invest less in R&D.
It should be noted, with respect to the other explanatory variables, that in the short term GRD has a negative effect on private expenditures in the higher investment countries, while it is not significant in the lower investment countries. In the long term, however, the GRD coefficient is negative and significant in all the quantiles analysed. The results therefore indicate the existence of a crowding-out effect, particularly for the lower investors in the long turn (using 5 lags, second part of Table 5 ).
The coefficient of exports intensity is significant and has a negative sign in all quantiles. It denotes a negative influence of exports on R&D investment. In addition, the influence of an increase in international market competition is lower with a five-year lag. The coefficient of import penetration is significant. The coefficient of this variable is positive in the model with one-period lag, which could indicate that companies invest more in R&D over the short term to improve the competitiveness position through innovation in order to face the foreign competition in internal markets. However, with a five-period lag the coefficient is negative, which indicates that increasing competition in the local market is likely to reduce costs and improve their competitiveness.
Results for the Patent model are shown in Table 6 . The coefficient of the one-year lagged EPS (in the first part of Table 6 ) is significantly different from zero and different from the estimation in the patent model for the higher patenting countries, and is not significant in the lower quantiles of the distribution. It means that a higher patenting activity is stimulated when the regulatory pressure increases between the innovator countries. This positive effect is weaker in the long run, when using the five-year lagged EPS. One-year lagged GRD shows a positive and significant influence in the number of patent applications in the less innovative countries, however it is not significant in the most innovative countries. The patent stock coefficient is significant and positive for all quantiles, without significant differences between them. Exports intensity shows a negative and significant coefficient, especially for the higher quantiles. These results indicate that a greater international market competition hurts the innovative activity of companies. Import penetration, with 0.88 and 1.11 coefficients in the 90 percentile, presents a positive influence on the number of patents in the countries of greatest patenting activity, in the same line as in the OLS model.
Finally in the TFP model, the EPS coefficients are significant and positive in every quantile (with magnitudes between 0.02 and 0.07) and for one and five period lags. This result confirms the strong version of the PH, as partially proven in model 2b (model with 1 lag).
Conclusions
When political authorities design environmental policies that society as a whole must comply with, the economic agents face a dilemma. On the one hand, they have to prioritize the conservation of the environment where we live and where future generations are also supposed to live. For this reason, governments and firms have to incur greater costs to apply the necessary measures to comply with environmental regulations. Furthermore, companies and governments face increasing foreign competition due to the globalization of the world economy and have to offer low prices in order to maintain competitiveness.
The consequences of a restrictive policy measure, from a classical perspective, on the operation of companies are always negative: companies have to buy or create resources to reduce pollution, which results in higher costs and lower benefits. If the policy-makers took this into account, it could influence their decisions.
Assuming the classical idea is true, authorities should only take policy-stringency measures when social and environmental benefits are higher than the cost which companies have to incur. Porter (1991) proposed a solution to the dilemma by questioning the classical idea and postulating that environmental regulations can encourage innovation and, as a consequence, could improve company results, for example, increasing productivity, so that cost will be partially or completely compensated. Since the early 1990s, when Porter (1991) stated the idea and Jaffe et al (2005) formalized it, the Porter hypothesis has been widely tested. The lack of accurate data to measure environmental regulations has been one of the main difficulties faced by most empirical studies to date.
The present study adds new evidence, in line with Jaffe et al. (1995) and Rubashkina (2015) , using a new ER index, the EPS, for 14 OECD countries, which solves some of the problems related to the ER proxies used in existing literature.
The main results provide weak evidence of the PH, indicating that environmental regulations can have a positive influence on the decisions that companies adopt in relation to the results in innovation, measured by the number of patent applications. However, less innovative countries seem to be less affected by the environmental regulations, while the countries that already have an innovative tradition embodied in the rights of exploitation of the inventions, are influenced the most.
We also find a significant correlation between the ER and R&D expenditures of the companies for only the lower quantiles of the distribution of R&D in the short-run, but for all quantiles in the long run.
The main results indicate that ER also influences total factor productivity and provides support for the strong version of the Porter hypothesis.
Of particular note is the remarkable difference in terms of the effort in innovation among three countries, namely the US, Japan and Germany, when compared to the other countries. This is also reflected in the relationship we find between environmental regulations and patenting activities. The results indicate that when facing more stringent ER, unlike other countries, the US, Japan and Germany react by increasing their patent activities and, as a result, achieve long-term improvements in productivity.
